Introduction {#sec1}
============

Diabetic nephropathy (DN), a major cause of chronic kidney disease (CKD), is characterized by progressive renal tubulointerstitial fibrosis.[@bib1] Renal proximal tubular epithelial cells (PTECs) play a pivotal role in the pathogenesis of DN.[@bib2] A large number of studies have demonstrated that high glucose (HG) induces renal tubular cell hypertrophy and increases the levels of cytokines and growth factors by activating multiple signaling pathways and subsequently lead to fibrosis.[@bib2], [@bib3], [@bib4], [@bib5] However, the pathogenetic mechanism underlying HG-induced fibrosis remains largely unclear.

Long noncoding RNAs (lncRNAs) are defined as transcripts longer than 200 nucleotides with little (or no) protein-coding ability[@bib6] and involved in a wide variety of physiological and pathological processes, including DN.[@bib4], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12] We used the lncRNA chip to select the lncRNA NR_038323. It is located on chromosome 8 (Chr8:23336208--23366125), but its biological functions, regulatory mechanisms, and disease relevance remain largely unclarified. To the best of our knowledge, most lncRNAs act as competing endogenous RNAs (ceRNAs) to regulate the expression levels of targeted genes by interacting with microRNAs (miRNAs).[@bib13], [@bib14], [@bib15] Therefore, we hypothesized that lncRNA NR_038323 is involved in the progression of renal fibrosis in DN via miRNA regulation.

In this study, the expression levels of lncRNA NR_038323 were induced by HG treatment at different time points, as detected using real-time qPCR. In addition, HG-induced renal fibrosis was aggravated by the knockdown of lncRNA NR_038323 while ameliorated by its overexpression in HK-2 cells. Moreover, the interaction between lncRNA NR_038323 and miR-324-3p was revealed by bioinformatic analysis, dual-luciferase reporter assay and fluorescence *in situ* hybridization (FISH) method. The data further indicated that lncRNA NR_038323 upregulated dual-specificity protein phosphatase-1 (DUSP1) expression to inhibition the activation of p38 mitogen-activated protein kinase (p38MAPK) and ERK1/2 by sponging miR-324-3p. Additionally, the molecular mechanisms underlying lncRNA NR_038323-suppressed renal fibrosis were uncovered. Finally, overexpression of lncRNA NR_038323 ameliorated the STZ-induced progression of DN. Taken together, our results demonstrated that overexpression of lncRNA NR_038323 may inhibit renal fibrosis in DN via miR-324-3p/DUAP1/p38MAPK and ERK1/2 axis.

Results {#sec2}
=======

HG Induced the Expression of lncRNA NR_038323 {#sec2.1}
---------------------------------------------

Previous findings demonstrated that lncRNA ZEB1-AS1 was suppressed by HG treatment.[@bib4] In the present study, HK-2 cells was treated with HG or normal glucose (NG) for 72 h, and then mRNA was extracted for the lncRNA chip assay. A representative heatmap of lncRNA was shown in [Figure 1](#fig1){ref-type="fig"}A. Upregulation (fold change was more than 4) of comparisons of lncRNAs between HG and NG groups was shown in [Figure 1](#fig1){ref-type="fig"}B. Among them, fold change of lncRNA NR_038323 in HG versus NG was 4.48. To further confirm the expression of it, FISH method was used, nuclei was stained by DAPI, and 18S rRNA (cytoplasmic positive) and lncRNA NR_038323 were labeled with CY3. The results showed that lncRNA NR_038323 was localized in the cytoplasm of HK-2 cells ([Figure 1](#fig1){ref-type="fig"}C). In addition, real-time qPCR analysis revealed that lncRNA NR_038323 was induced by HG at 24--72 h ([Figure 1](#fig1){ref-type="fig"}D). These data suggest that lncRNA NR_038323 may be a DN-related factor.Figure 1HG Induced the Expression of lncRNA NR_038323HK-2 cells were treated with NG, mannitol, or HG at indicated time points. (A) The heatmap of lncRNAs. (B) The sequence name and fold change of upregulation of lncRNAs. (C) Intracellular localization of lncRNA NR_038323 in HK-2 cells was carried out using RNA-FISH assay. (D) The expression levels of lncRNA NR_038323 were detected by real-time qPCR. Data are expressed as mean ± SD (n = 6). \#p \< 0.05, HG at 24--72 h groups versus NG or mannitol group.

lncRNA NR_038323 Inhibition Enhanced the HG-Induced Expression Levels of Collagen I, Collagen IV, and Fibronectin {#sec2.2}
-----------------------------------------------------------------------------------------------------------------

The effects of lncRNA NR_038323 on HG-induced renal fibrosis were further clarified. The HG-induced expression level of lncRNA NR_038323 was notably silenced by small interfering RNA (siRNA) lncRNA NR_038323 in HK-2 cells ([Figure 2](#fig2){ref-type="fig"}A). In addition, siRNA lncRNA NR_038323 not only increased the basal levels of collagen I, collagen IV, and fibronectin, but also markedly enhanced the HG-induced expression levels of them ([Figures 2](#fig2){ref-type="fig"}B--2E). These data indicate that knockdown of endogenous lncRNA NR_038323 enlarged the HG-induced the renal fibrosis in the HK-2 cells, which further supported that lncRNA NR_038323 has an anti-fibrosis role in HK-2 cells.Figure 2lncRNA NR_038323 Knockdown Aggravated the HG-Reduced Expression Levels of Collagen I, Collagen IV, and FibronectinHK-2 cells were transfected with 50 nM lncRNA NR_038323 siRNA or scramble and then treated with or without HG for 72 h. (A) Real-time qPCR analysis of lncRNA NR_038323 expression. (B) Western blot analysis of collagen I, collagen IV, and fibronectin. (C--E) Densitometric measurement of western blot bands for collagen I (C), collagen IV (D), and fibronectin (E). Data are expressed as mean ± SD (n = 6). \#p \< 0.05, scramble with HG or lncRNA NR_038323 siRNA group versus scramble group; \*p \< 0.05, lncRNA NR_038323 siRNA with HG group versus scramble with HG group.

lncRNA NR_038323 Overexpression Attenuated the HG-Induced Expression Levels of Collagen I, Collagen IV, and Fibronectin {#sec2.3}
-----------------------------------------------------------------------------------------------------------------------

Although lncRNA NR_038323 was induced by HG treatment, the role of it in HG-induced renal fibrosis remains unclear. The HG-induced expression level of lncRNA NR_038323 in HK-2 cells was significantly enhanced by lncRNA NR_038323 overexpression ([Figure 3](#fig3){ref-type="fig"}A). Besides, lncRNA NR_038323 overexpression not only suppressed the basal levels of collagen I, collagen IV, and fibronectin, but also markedly attenuated the HG-induced expression levels of them ([Figures 3](#fig3){ref-type="fig"}B--3E). These data further suggested that endogenous lncRNA NR_038323 induced by HG was not enough to limit the HG-induced increasing of ECM; overexpression of lncRNA NR_038323 almost completely suppressed the HG-induced the ECM accumulation and supported the anti-fibrosis role of it in HK-2 cells.Figure 3Overexpression of lncRNA NR_038323 Attenuated the HG-Deduced Expression Levels of Collagen I, Collagen IV, and FibronectinHK-2 cells were transfected with lncRNA NR_038323 plasmid or control and then treated with or without HG for 72 h. (A) Real-time qPCR analysis of lncRNA NR_038323 expression. (B) Western blot analysis of collagen I, collagen IV, and fibronectin. (C--E) Densitometric measurement of western blot bands for collagen I (C), collagen IV (D), and fibronectin (E). Data are expressed as mean ± SD (n = 6). \#p \< 0.05, control with HG or lncRNA NR_038323 group versus control group; \*p \< 0.05, lncRNA NR_038323 with HG group versus control with HG group.

lncRNA NR_038323 Suppressed the Expression and Activity of miR-324-3p {#sec2.4}
---------------------------------------------------------------------

To our knowledge, miRNAs could be sponged by lncRNAs. We predicated that miR-324-3p was a potential downstream target of lncRNA NR_038323 by using RegRNA 2.0 software. As shown in [Figure 4](#fig4){ref-type="fig"}A, lncRNA NR_038323 contained the binding site of miR-324-3p. The results of luciferase reporter assay showed that miR-324-3p mimic inhibited the luciferase activity of lncRNA NR_038323-WT, but not lncRNA NR_038323-MUT ([Figure 4](#fig4){ref-type="fig"}B). Besides, the results of intracellular co-localization demonstrated that lncRNA NR_038323 interacted with miR-324-3p in the cytoplasm of HK-2 cells treated with or without HG as well as the renal tubular cells of minimal change disease (MCD) and DN patients ([Figure 4](#fig4){ref-type="fig"}C). In addition, the HG-suppressed expression of miR-324-3 was enhanced by lncRNA NR_038323 overexpression, but this effect was reversed by lncRNA NR_038323 knockdown ([Figures 4](#fig4){ref-type="fig"}D and 4E). Collectively, these results suggest that miR-324-3p is a direct target of lncRNA NR_038323.Figure 4lncRNA NR_038323 Directly Bound to miR-324-3p(A) Sequence alignment analysis revealed that lncRNA NR_038323 contained the complementary strand to miR-324-3p. (B) Detection of luciferase activities after co-transfection with lncRNA NR_038323-WT or lncRNA NR_038323-MUT and miR-324-3p or scramble. (C) Intracellular co-localization of lncRNA NR_038323 and miR-324-3p in HK-2 cells and human DN kidney samples. (D and E) Real-time qPCR analysis of lncRNA NR_038323 expression. Data are expressed as mean ± SD (n = 6). \#p \< 0.05, Scramble with HG group versus Scramble group; \* p \< 0.05, siRNA NR_038323 or NR_038323 with HG group versus Scramble with HG group or NR_038323 WT/miR-324-3p mimic versus other groups.

miR-324-3p Mimic Enhanced the HG-Induced Expression Levels of Collagen I, Collagen IV, and Fibronectin {#sec2.5}
------------------------------------------------------------------------------------------------------

Previous findings have suggested that miR-324-3p promotes the development of renal fibrosis in progressive proteinuric nephropathy.[@bib16] In the present study, we hypothesized that miR-324-3p could mediate HG-induced renal fibrosis. The results showed that the expression levels of miR-324-3p was elevated by miR-324-3p mimic ([Figure 5](#fig5){ref-type="fig"}A). Furthermore, miR-324-3p mimic enhanced the HG-induced expression levels of collagen I, collagen IV, and fibronectin ([Figures 5](#fig5){ref-type="fig"}B--5E). These data suggest that miR-324-3p can mediate HG-induced renal fibrosis.Figure 5Overexpression of miR-324-3p Aggravated the HG-Induced Expression Levels of Collagen I, Collagen IV, and FibronectinHK-2 cells were transfected with 100 nM miR-324-3p mimics or scramble and then treated with or without HG for 72 h. (A) The mRNA expression levels of miR-324-3p were detected by real-time qPCR. (B) The protein expression levels of collagen I, collagen IV, and fibronectin were analyzed by western blotting. (C--E) Densitometric measurement of western blot bands for collagen I (C), collagen IV (D), and fibronectin (E). Data are expressed as mean ± SD (n = 6). \#p \< 0.05, scramble with HG group versus scramble group; \*p \< 0.05, miR-324-3p mimics with HG group versus scramble with HG group.

DUSP1 Was a Direct Target Gene of miR-324-3p {#sec2.6}
--------------------------------------------

DUSP1 ameliorates microvascular fibrosis and inflammation via dephosphorylation of MAPK.[@bib17], [@bib18], [@bib19] In this study, DUSP1 was identified as the target gene of miR-324-3p, as predicted by miRbase ([Figure 6](#fig6){ref-type="fig"}A). Moreover, miR-324-3p mimic significantly suppressed the HG-induced expression of DUSP1 ([Figures 6](#fig6){ref-type="fig"}B--6D). The results of luciferase assay showed that miR-324-3p mimic inhibited the luciferase activity of DUSP1-WT, but not DUSP1-MUT ([Figure 6](#fig6){ref-type="fig"}E). Taken together, these data demonstrate that DUSP1 is a target gene of miR-324-3p.Figure 6DUSP1 Was Identified as a Target Gene of miR-324-3pHK-2 cells were transfected with miR-324-3p analog (100 nM) and then treated with HG for 72 h. (A) Putative miR-301a-5p complementary binding sites in the 3′ UTR of human DUSP1 mRNA. (B) The mRNA expression levels of DUSP1 were detected by RT-qPCR. (C) Western blot analysis of DUSP1 and GAPDH. (D) Densitometric analysis of proteins signals. (E) Measurement of luciferase activities after co-transfection with the 3′ UTR luciferase reporter vector of human WT or MUT-DUSP1 and miR-324-3p or miR-NC. Data are expressed as mean ± SD (n = 6). \#p \< 0.05, scramble with HG group versus scramble group; \*p \< 0.05, miR-324-3p mimics with HG group versus scramble with HG group or DUSP1 WT/miR-324-3p mimic versus other groups.

DUSP1 Mediated the HG-Induced Expression Levels of Collagen I, Collagen IV, and Fibronectin via Regulation of p38MAPK and ERK1/2 {#sec2.7}
--------------------------------------------------------------------------------------------------------------------------------

Although DUSP1 is involved in microvascular fibrosis, its role in HG-induced fibrosis remains largely unclear. Initially, DUSP1 was induced by HG treatment at indicated time points ([Figures 7](#fig7){ref-type="fig"}A and 7B). DUSP1 knockdown enhanced the HG-induced expression levels of collagen I, collagen IV, and fibronectin ([Figures 7](#fig7){ref-type="fig"}C and 7D). Moreover, DUSP1 knockdown triggered the activation of p38MAPK and ERK1/2 pathways ([Figures 7](#fig7){ref-type="fig"}E and 7F). In contrast, overexpression of DUSP1 ameliorated the HG-induced expression levels of collagen I, collagen IV, and fibronectin via inactivation of p38MAPK and ERK1/2 pathways ([Figures 7](#fig7){ref-type="fig"}G--7J). Collectively, these data indicate that DUSP1 plays an anti-fibrotic role in HK-2 cell by inactivating both p38MAPK and ERK1/2 pathways.Figure 7DUSP1-Mediated HG-Induced Expression Levels of Collagen I, Collagen IV, and Fibronectin via MAPK SignalingHK-2 cells were transfected with siRNA DUSP1 (100 cnM) or DUSP1 plasmid and then treated with HG for 72 h. (A) Western blot analysis of DUSP1 and GAPDH at indicated time points. (B) Densitometric analysis of proteins signals. (C and G) Western blot analysis of collagen I, collagen IV, fibronectin, and DUSP1. (E and I) Western blot analysis of p-p38MAPK/p38MAPK and p-ERK1/2/ERK1/2. (D, F, H, and J) Densitometric measurement of western blot bands. Data are expressed as mean ± SD (n = 6). \#p \< 0.05, scramble with HG group or HG at 24--72 h versus scramble group or HG at 0 h; \*p \< 0.05, siRNA DUSP1 or DUSP1 plasmid with HG group versus scramble with HG group.

miR-324-3p Mediated the Anti-fibrotic Effects of lncRNA NR_038323 {#sec2.8}
-----------------------------------------------------------------

Further, we investigated whether miR-324-3p could mediate the anti-fibrotic properties of lncRNA NR_038323 during HG treatment. Real-time qPCR results demonstrated that the transfection of siRNA lncRNA NR_038323 and miR-324-3p was proved to be effective in HK-2 cells ([Figures 8](#fig8){ref-type="fig"}A and 8B). Immunoblot analysis revealed that siRNA lncRNA NR_038323 enhanced the HG-induced expression levels of collagen I, collagen IV, and fibronectin, which were reversed by miR-324-3p inhibitor ([Figures 8](#fig8){ref-type="fig"}C--8G). These findings provide a strong evidence that lncRNA NR_038323 suppresses the renal fibrosis by downregulating miR-324-3p expression.Figure 8lncRNA NR_038323 Knockdown Aggravated the HG-Induced Expression Levels of ECM-Related Genes, Which Were Reversed by miR-324-3p InhibitorHK-2 cells were co-transfected with siRNA lncRNA NR_038323 (100 cnM) and anti-miR-324-3p or scramble and then treated with HG for 72 h. (A) Real-time qPCR analysis of lncRNA NR_038323 expression. (B) Real-time qPCR analysis of miR-324-3p expression. (C) Western blot analysis of collagen I, collagen IV, fibronectin, and DUSP1. (D--G) Densitometric measurement of protein signals in collagen I (D), collagen IV (E), fibronectin (F), and DUSP1 (G). Data are expressed as mean ± SD (n = 6). \#p \< 0.05, scramble with HG group versus scramble group, lncRNA NR_038323 siRNA with HG group versus scramble with HG group; \*p \< 0.05, lncRNA NR_038323 plus anti-miR-324-3p with HG group versus lncRNA NR_038323 siRNA with HG group.

lncRNA NR_038323/miR-324-3p/DUSP1 Axis and the Expression Levels of Collagen I, Collagen IV, and Fibronectin in Patients with DN {#sec2.9}
--------------------------------------------------------------------------------------------------------------------------------

To further verify our *in vitro* findings, the renal expression levels of lncRNA NR_038323, miR-324-3p, and DUSP1, as well as the expression levels of collagen I, collagen IV, and fibronectin were detected in patients with DN. The patients' basic information of MCD (n = 10) and DN (n = 9) was described in [Table S1](#mmc1){ref-type="supplementary-material"}. Notably, the renal samples of DN patients demonstrated loss of glomerular function and tubulointerstitial fibrosis compared to those of MCD patients ([Figures 9](#fig9){ref-type="fig"}A and 9B). Moreover, the expression levels of collagen I, collagen IV, fibronectin, and DUSP1 were higher in DN patients than in MCD patients ([Figure 9](#fig9){ref-type="fig"}A). These findings were confirmed by semiquantitative immunohistochemistry scoring analysis ([Figures 9](#fig9){ref-type="fig"}C--9F). Furthermore, the expression levels of lncRNA NR_038323 and miR-324-3p were increased and decreased, respectively, in patients with DN ([Figures 9](#fig9){ref-type="fig"}G and 9H). Taken all together, these data indicate that lncRNA NR_038323/miR-324-3p/DUSP1 axis may be involved in human DN.Figure 9lncRNA NR_038323/miR-324-3p/DUSP1 Axis in Patients with DN(A) Renal tissues were stained with Masson's trichrome for fibrosis analysis and immunohistochemical staining for the levels of DUSP1- and ECM-related proteins. (B) Quantitative analysis of tubulointerstitial fibrosis in the kidney cortex. (C--F) Quantification of immunohistochemical staining. (G and H) Real-time qPCR analysis of the expression levels of miR-324-3p and lncRNA NR_038323. Original magnification, ×200. Data are expressed as mean ± SD (n = 6). \#p \< 0.05, DN group versus MCD group.

Overexpression of lncRNA NR_038323 Ameliorated the Renal Fibrosis in STZ-Induced DN Rats {#sec2.10}
----------------------------------------------------------------------------------------

To further *in vitro* findings, we further investigated whether overexpression of lncRNA NR_038323 can ameliorate rat kidney injury caused by STZ. The male Wistar rats were subjected to STZ treatment to produced diabetes. After 8 weeks, STZ-treated rats indicated higher levels of blood glucose and albumin and creatinine ratio (ACR) but lower body weight; however, only ACR was improved by overexpression of lncRNA NR_038323 ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1C). Furthermore, overexpression of lncRNA NR_038323 markedly ameliorated the STZ-induced tubular epithelial disruption, renal fibrosis, and glomerular hypertrophy ([Figures S1](#mmc1){ref-type="supplementary-material"}D--S1G).

Overexpression of lncRNA NR_038323 Attenuated ECM Accumulation via Targeting miR-324-3p/DUSP1 Axis in STZ-Induced DN Rats {#sec2.11}
-------------------------------------------------------------------------------------------------------------------------

To further investigate antifibrosis molecular mechanism of lncRNA NR_038323, we first detected the expression of lncRNA NR_038323. The real-time qPCR results indicated that lncRNA NR_038323 only expressed in vein injection of lncRNA NR_038323 plasmids group but not control group ([Figure S2](#mmc1){ref-type="supplementary-material"}A). The real-time qPCR also showed that STZ-induced the downregulation of miR-324-3p, which was further suppressed by lncRNA NR_038323. The immunoblotting indicated that overexpression of lncRNA NR_038323 markedly reduced the STZ-increased the expressions of collagen I, collagen IV, and fibronectin; however, it further increased the DUSP1 induced by STZ treatment ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D). The immunoblotting further detected that overexpression of lncRNA NR_038323 significantly suppressed the STZ-induced the activation of p38MAPK and ERK1/2 signaling ([Figures S2](#mmc1){ref-type="supplementary-material"}E and S2F). The immunohistochemistry staining of collagen I, collagen IV, and fibronectin results further confirmed the results of Masson staining and immunoblotting ([Figure S3](#mmc1){ref-type="supplementary-material"}). The data supplied a strong evidence that lncRNA NR_038323 prevented the progression of STZ-induced DN rats via targeting miR-324-3p/DUSP1/p38MAPK and ERK1/2 axis.

Discussion {#sec3}
==========

The results of the present study demonstrated, for the first time, that lncRNA NR_038323 was induced by HG treatment. In addition, HG-induced renal fibrosis was attenuated by the overexpression of lncRNA NR_038323, while aggravated by its knockdown. Moreover, we found that overexpression of lncRNA NR_038323 exerted anti-renal fibrotic effects via lncRNA NR_038323/miR-324-3p/DUSP1/p38MAPK/ERK1/2 axis. Furthermore, similar findings were observed in the renal samples of DN patients. Finally, overexpression of lncRNA NR_038323 attenuated the STZ-induced the progression of rat DN. Collectively, these findings provide new insights into the pathogenesis and treatment of DN ([Figure 10](#fig10){ref-type="fig"}).Figure 10The Role and Molecular Mechanism of lncRNA NR_038323 in HG-Induced Renal FibrosisThe expression of lncRNA NR_038323 was induced by HG treatment. Mechanistically, lncRNA NR_038323 sponged miR-324-3p to upregulate DUSP1 expression and consequently suppressed the HG-induced activation of p38MAPK and ERK1/2 pathways in renal fibrosis.

Several lines of evidence indicate that lncRNAs are responsible for renal cell apoptosis in DN.[@bib11], [@bib12], [@bib14], [@bib20] However, recent evidence demonstrates that lncRNAs also mediate renal fibrosis in DN. For instance, lncRNA NEAT1 promotes renal fibrosis in DN by activating Akt/mTOR signaling pathway.[@bib21] lncRNA 1700020I14Rik attenuates renal fibrosis in DN via miR-34a-5p/Sirt1/HIF-1α signaling. lncRNA ASncmtRNA-2 enhances HG-induced renal fibrosis in mesangial cells through upregulation of pro-fibrotic factors.[@bib22] lncRNA-Gm4419 mediates HG-induced renal fibrosis and inflammation in mesangial cells via activation of nuclear factor κB (NF-κB)/NLRP3 pathway.[@bib23] Our previous findings showed that lncRNA ZEB1-AS exhibited an anti-fibrotic role in DN by regulating ZEB1 expression.[@bib4] In the present study, we found that lncRNA NR_038323 was significantly induced by HG treatment via lncRNA chip analysis and located in the cytoplasm of HK-2 cells, and its expression was induced by HG treatment ([Figure 1](#fig1){ref-type="fig"}). In addition, overexpression of lncRNA NR_038323 alleviated the HG-induced renal fibrosis ([Figure 2](#fig2){ref-type="fig"}), while the silencing of lncRNA NR_038323 aggravated the fibrosis ([Figure 3](#fig3){ref-type="fig"}). Overall, these data suggest that endogenous lncRNA NR_038323 exerts an anti-fibrotic potential; however, its anti-fibrosis ability is lower than that of HG-induced fibrosis; hence, overexpression of lncRNA NR_038323 has an anti-fibrosis role in HK-2 cells.

Increasing evidence has demonstrated that lncRNAs can act as ceRNAs to regulate targeted gene expression.[@bib10], [@bib23], [@bib24] Hence, we focused on miRNAs as targets of lncRNA NR_038323. Using RegRNA 2.0 software, we predicated that lncRNA NR_038323 transcript contained the binding site of miR-324-3p, suggesting that miR-324-3p is a putative target of lncRNA NR_038323. The following findings provide strong support for this prediction. First, we demonstrated that lncRNA NR_038323 directly bound to miR-324-3p through dual-luciferase reporter assay ([Figure 4](#fig4){ref-type="fig"}B). Second, FISH co-localization assay revealed that lncRNA NR_038323 interacted with miR-324-3p both *in vitro* and *in vivo* ([Figure 4](#fig4){ref-type="fig"}C). Finally, real-time qPCR data indicated that HG suppressed the expression of miR-324-3p, which was enhanced by lncRNA NR_038323 overexpression and reversed by lncRNA NR_038323 knockdown ([Figures 4](#fig4){ref-type="fig"}D and 4E). Taken together, these data suggest that miR-324-3p is a direct target of lncRNA NR_038323.

A growing body of research has demonstrated that miR-324-3p promotes tumor growth in various types of cancer.[@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30] However, little is known about the role of miR-324-3p in renal fibrosis. Only one study has reported that miR-324-3p triggers renal fibrosis in proteinuric nephropathy via suppression of angiotensin I-converting enzyme (ACE).[@bib16] Hence, the role of miR-324-3p in DN and its underlying mechanisms need to be further explored. In this study, miR-324-3p overexpression aggravated HG-induced renal fibrosis, in which its function was opposed to lncRNA NR_038323 ([Figure 5](#fig5){ref-type="fig"}). Besides, DUSP1 was identified as a target of miR-324-3p, as indicated by the following evidence. First, the dual-luciferase reporter assay revealed that miR-324-3p interacted with DUSP1 ([Figures 6](#fig6){ref-type="fig"}A and 6E). Second, miR-324-3p overexpression markedly suppressed the HG-induced expression of DUSP1 ([Figures 6](#fig6){ref-type="fig"}B--6D). A previous study has reported that DUSP1 is expressed in multiple cell lines and serves as a negative regulator for the MAPK signaling pathway.[@bib31] Another more recent study demonstrates that DUSP1 inhibits glomerular cell apoptosis in DN through the inactivation of the JNK-Mff-mitochondrial fission pathway.[@bib17] However, the effects of DUSP1 on renal fibrosis in DN and its regulatory mechanisms have yet to be investigated. Interestingly, we found that DUSP1 was induced by HG treatment ([Figures 7](#fig7){ref-type="fig"}A and 7B), and the knockdown of DUSP1 enhanced HG-induced renal fibrosis via p38MAPK and ERK1/2 pathway activation ([Figures 7](#fig7){ref-type="fig"}C--7F). Furthermore, we verified that lncRNA NR_038323 knockdown aggravated HG-induced renal fibrosis via downregulation of DUSP1, which could be reversed by miR-324-3p inhibitor ([Figure 8](#fig8){ref-type="fig"}). All these molecular changes were confirmed using human kidney samples of DN patients ([Figure 9](#fig9){ref-type="fig"}). Finally, overexpression of lncRNA NR_038323 attenuated STZ-induced the rat renal fibrosis via targeting miR-324-3p/DUSP1/p38MAPK and ERK1/2 axis ([Figures S1](#mmc1){ref-type="supplementary-material"}--[S3](#mmc1){ref-type="supplementary-material"}). These data support that high expression of lncRNA NR_038323 suppresses HG-induced renal fibrosis by reducing miR-324-3p expression and results in increased DUSP1 expression to inactivate p38MAPK and ERK1/2 pathways ([Figure 10](#fig10){ref-type="fig"}).

In sum, our findings reveal that HG induces the expression of lncRNA NR_038323. Interestingly, lncRNA NR_038323 inhibition aggravates HG-induced renal fibrosis, whereas its overexpression attenuates the fibrosis. Mechanistically, overexpression of lncRNA NR_038323 directly interacts with miR-324-3p to upregulate DUSP1 expression to inactive p38MAPK and ERK1/2 pathways, leading to the suppression of renal fibrosis. Taken all together, our data suggest that overexpression of lncRNA NR_038323 plays an anti-fibrotic role, which may serve a novel therapeutic target for DN.

Materials and Methods {#sec4}
=====================

Antibodies and Reagents {#sec4.1}
-----------------------

Collagen І (cat. no. 14695-1-AP) and IV (cat. no. 55131-1-AP), fibronectin (cat. no. 15613-1-AP), ERK1/2 (cat. no. 6619-1-Ig), and GAPDH (cat. no. 60004-1-Ig) were purchased from Proteintech North America (Rosemont, IL, USA), whereas DUSP1 (cat. no. Ab61201) and p38MAPK (cat. no. ab31828) were obtained from Abcam (Cambridge, MA, USA); phospho-p38MAPK (cat. no. 4511) and phospho-ERK1/2 (cat. no. 3470) were from Cell Signaling Technology (Danvers, MA, USA). The luciferase assay kit was purchased from BioVision (Milpitas, CA, USA).

Cell Culture and Treatments {#sec4.2}
---------------------------

HK-2 cells were cultured in DMEM (Sigma-Aldrich) supplemented with 10% fetal bovine serum at 37°C in a humidified atmosphere of 5% CO~2~, followed by NG (5 mmol/L D-glucose), HG (25 mmol/L D-glucose), or mannitol (25 mmol/L) treatment for 24--72 h. For gene disruption experiments, the cells were incubated with miR-324-3p mimic (100 nM), miR-324-3p antagomir (100 nM), siRNA lncRNA NR_038323 (100 nM), DUSP1 siRNA (100 nM), or negative control (Ruibo, Guangzhou, China) using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA).

Luciferase Reporter Assays {#sec4.3}
--------------------------

Luciferase reporter assays were performed as previously described.[@bib24], [@bib32], [@bib33] The pmirGLO dual-luciferase miRNA target expression vector was used to assess miRNA activity via the insertion of miRNA target sites 3′ of the firefly luciferase gene (luc2). The luciferase vectors of *DUSP1*-3′ UTR (WT-Luc-DUSP1) or lncRNA NR_038323 (WT-Luc- lncRNA NR_038323) containing response elements of DUSP1 or lncRNA NR_038323 interaction with miR-324-3p, as well as the mutant plasmids of DUSP1 (MU-Luc-DUSP1) or lncRNA NR_038323 (MU-Luc-lncRNA NR_038323) lacking the response elements, were respectively used. Meanwhile, PGMLR-TK luciferase reporter was used as a control vector. All plasmids were constructed by RuQi Biotechnology (Guanzhou, Guandong, China). In brief, the plasmids of WT-Luc, Mut-Luc, or pGMLR-TK and miR-324-3p mimics were transfected into HK-2 cells for 48 h. Luciferase activities were then measured using a SpectraMax M5 (Molecular Devices, Sunnyvale, CA, USA) and normalized according to pGMLR-TK activity.

Animal Models {#sec4.4}
-------------

The Wistar rats were purchased from Shanghai Animal Center (Shanghai, People's Republic of China). Animal experiments were performed according to the guidelines established by the Animal Care Ethics Committee of Second Xiangya Hospital, People's Republic of China. After ethics approval was acquired, the rats were housed in a 12-h light/dark cycle and had free to access to food and water. For the STZ-induced the model of diabetes, rats (250--300 g) were injected with 50 mg/kg body weight STZ for 5 consecutive days, with sodium citrate (SC) as a control. Fasting blood glucose levels of more than 200 mg/dL for two consecutive readings were considered as diabetic. Rats were injected with lncRNA NR_038323 or control plasmid via tail vein at 25 μg each 3 weeks for 8 weeks.

Analysis of Physiological Parameters {#sec4.5}
------------------------------------

The body weights and blood glucose levels of rats were measured. The urine albumin and creatinine levels were analyzed as previously described.[@bib4] The ACR was calculated using the method described previously.[@bib34]

Histology and Immunohistochemistry {#sec4.6}
----------------------------------

Histological analysis was analyzed by H&E staining. The glomerular and tubular damage score of kidney according to the method previously described.[@bib35], [@bib36] Masson's trichrome staining was used to assess the fibrosis degree. Immunohistochemical analysis was performed using anti-α-collagen I (1:100 dilution), collagen IV (1:100 dilution), FN (1:50 dilution), anti-α-SMA (1:100 dilution), and anti-DUSP1 (1:50 dilution) according to the previous protocol.[@bib35] Stained samples were analyzed using an Olympus microscope equipped with UV epi-illumination.

Real-Time qPCR {#sec4.7}
--------------

Total RNA was extracted from HK-2 cells using Trizol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Approximately 40 ng of total RNA was reverse-transcribed by M-MLV reverse transcriptase (Invitrogen). To detect the expression levels of miRNA, mRNA, and lncRNA, real-time qPCR was performed using Bio-Rad (Hercules, CA, USA) IQ SYBR green supermix with Opticon (MJ Research, Waltham, MA, USA) in accordance with the manufacturer's instructions. The sequences of lncRNA NR_038323 and miR-324-3p were retrieved from the GenBank database (gen ID: 100507156 and 442898, respectively). The primers used were as follows: lncRNA NR_038323, 5′-TGCATTCTACTGCTTCCACGA-3′ (forward) and 5′-CCAAGGTGCTGTCGTTTGAG-3′ (reverse); miR-324-3p, 5′-ACTGCCCCAGGTGCTG-3′ (forward) and 5′-CAGTGCGTGTCGTGGAGT-3′ (reverse); and GAPDH, 5′-GGTCTCCTCTGACTTCAACA-3′ (forward) and 5′-GTGAGGGTCTCTCTCTTCCT-3′ (reverse), U6 primers were described in a previous report.[@bib37] The relative quantification was carried out by determining ΔCt values.

Immunoblot Analysis {#sec4.8}
-------------------

Equal amounts of proteins were loaded into each lane and separated by SDS-PAGE.[@bib35], [@bib37], [@bib38], [@bib39], [@bib40] After electrophoresis, the separated proteins were transferred onto a nitrocellulose membrane (Amersham, Buckinghamshire, UK). The blots were then probed with primary antibodies against collagen І and IV, fibronectin, DUSP1, p-p38MAPK, p38MAPK, p-ERK1/2, and ERK1/2, followed by incubation with secondary antibody and detection reagents. GAPDH was used as an internal control.

FISH {#sec4.9}
----

For FISH analysis, HK-2 cells were cultured in NG medium containing the fluorescence probes of miR-324-3p and lncRNA NR_038323 (Ruibo, Guangzhou, China) as described previously.[@bib10] 18S rRNA was the probe for cytoplasmic control. In brief, the slides were fixed in 4% paraformaldehyde (Sigma), hybridized overnight with the probes of miR-324-3p and lncRNA NR_038323, and then stained with DAPI. Fluorescence imaging was performed using a laser scanning confocal microscope.

Human Samples {#sec4.10}
-------------

The research protocol was approved by the Hospital Review Board. Written informed consent was obtained from all participants. Human kidney biopsy samples were collected from patients with MCD (n = 10) and DN (n = 9) at the Second Xiangya Hospital, People's Republic of China. Part of the tissue samples were fixed with 4% buffered paraformaldehyde and subjected to H&E staining, Masson's trichrome staining, and immunohistochemical analysis, according to previous protocol.[@bib4], [@bib36], [@bib37], [@bib38], [@bib41] Meanwhile, the remainders of the specimens were steeped in RNAlater solution (Ambion) and stored at −80°C for real-time qPCR analysis.

Statistical Analyses {#sec4.11}
--------------------

Two-tailed Student t tests were used for comparing the difference between two groups. One-way ANOVA was performed for multiple group comparison. Quantitative data were expressed as mean ± SD. p \< 0.05 was considered statistically significant.
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